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I. INTRODUCTION 

The purpose of t h i s  cont rac t  i s  t o  i n v e s t i g a t e  the  dynamics 

of t he  upper atmosphere through ana lys i s  of the  motion of sodium vapor 

t r a i l s  e j e c t e d  from sounding rockets .  Data are taken photographica l ly  

from s e v e r a l  widely separa ted  s i t e s .  T r i angu la t ion  i s  used t o  determine 

winds from the  ra te  of motion of t h e  t r a i l ,  and densi tometry measurements 

determine the  growth r a t e  and small-scale  s t r u c t u r e  of the  t r a i l .  Complete 

d e s c r i p t i o n s  of t he  experimental  and a n a l y t i c a l  methods are g iven  i n  

r e p o r t s  covering NASA c o n t r a c t s  NAS5-215 and NAS2-396. Theore t i ca l  s t u d i e s  

of the  dynamics of the  upper atmosphere are  d i r e c t e d  toward formulat ion of 

models based on the  observa t ions .  The f i r s t  series of rocke t  f i r i n g s  

occurred dur ing  November 1964 from Wallops I s l and  and s imultaneously from 

a s h i p  a t  s e l e c t e d  d i s t a n c e s  from Wallops I s land .  The o b j e c t i v e  of t he  

s e r i e s  was t o  i n v e s t i g a t e  the  v a r i a t i o n  of  t he  v e r t i c a l  wind s t r u c t u r e  a t  

two p laces  separa ted  by d i f f e r e n t  d i s t ances .  

The r e s u l t s  of the  f i r s t  s e r i e s  were s e r i o u s l y  l imi t ed  by 

vapor i ze r  malfunct ion,  bu t  one set of t r a i l s  separa ted  by 180 km showed the  

winds t o  d i f f e r  s i g n i f i c a n t l y  above 120 km. Previous a n a l y s i s  of s e v e r a l  

up and down t r a i l s  separa ted  by a d i s t a n c e  of  about  50 km have shown no 

wind v a r i a t i o n s  over t h a t  d i s tance .  Cont inuat ion of t he  s tudy  of 

h o r i z o n t a l  v a r i a t i o n  of the  v e r t i c a l  wind p r o f i l e  was an  o b j e c t i v e  of a 

s e r i e s  of f l i g h t s  from Wallops Is land during June 1965. Two vapor t r a i l s  
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were e j e c t e d  from rocke t s  f i r e d  nea r ly  s imultaneously on d i f f e r e n t  

azimuths during the evening tw i l igh t  of 22 June and the  morning of 23 June. 

A f i f t h  rocke t  e j ec t ed  a t r a i l  of TMA a t  2300 EST on 22 June t o  a l low 

observa t ions  of the  t i m e  v a r i a t i o n s  of the winds. 

The s p a t i a l  s e p a r a t i o n  of the simultaneous t r a i l s  i n  June was 

no t  l a r g e  and the  d i f f e r e n c e s  i n  the wind p r o f i l e s  were small .  The 

evening t r a i l s  were separated by only 25 km, and the  wind speed  around 

100 km w a s  on ly  about 30 m/sec. The t r a i l  s epa ra t ion  and wind speed of 

t he  morning t r a i l s  were g r e a t e r  than those of the  evening t r a i l s .  The 

TMA t r a i l ,  because of poor rocke t  performance, d id  n o t  reach the  pred ic ted  

a l t i t u d e  and faded ve ry  quickly,  causing some l o s s  of d a t a  i n  the  100 t o  

125 km reg ion  and reduced the  accuracy of the  d a t a  below t h a t  h e i g h t .  

Thus, the information on s p a t i a l  v a r i a t i o n s  i s  l imi t ed .  Much more 

information was obtained from the  time-space t r a i l s .  The low wind speeds 

during evening t w i l i g h t  had increased by a f a c t o r  of 2 t o  3 by 2300 EST 

(about 3 hours l a t e r )  and t h e  familiar s p i r a l  p a t t e r n  had begun t o  form. 

The clockwise s p i r a l  w a s  even more apparent  over much of the  he igh t  reg ion  

by morning t w i l i g h t  and the  whole p a t t e r n  had been c o n t i n u a l l y  r o t a t e d  

through the  n i g h t ,  as has  been previously observed i n  o t h e r  t i m e  sequences 

i n  January and J u l y  1964. The observa t ions  should be more c l o s e l y  spaced 

i n  o rde r  t h a t  the  exac t  na tu re  of the changes may be determined. Such 

c l o s e l y  spaced observa t ions  were the purpose of the  series of f i r i n g s  

a t  Wallops I s land  i n  January 1966. 
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During t h e  n i g h t  of 17-18 January 1966, f i v e  vapor t r a i l  payloads 

were s u c c e s s f u l l y  launched from Wallops I s land .  This  s e r i e s  showed t h a t  

observa t ions  spaced an hour o r  two a p a r t  provide much information concerning 

the  manner i n  which the winds vary.  Some of t h e  i n i t i a l  observa t ions  were 

d iscussed  i n  the Quar te r ly  Report covering the  per iod 1 January 1966 - 
31 March 1966. It was shown t h a t  the l a r g e  s c a l e  s p i r a l  p a t t e r n  co l lapsed  

i n t o  an i r r e g u l a r  low speed p a t t e r n  i n  about 6 hours  and t h a t  t he  e n t i r e  

p a t t e r n  moved s lowly downward. 

Five vapor t r a i l s  were success fu l ly  launched from Wallops I s l and  

dur ing  the  n i g h t  of 16-17 J u l y  1966. Again i t  appears  t h a t  a p a r t  of a 

l a r g e  s c a l e  c y c l i c  p a t t e r n  was observed during t h e  8-hour per iod i n  which 

the  f i r i n g s  occurred.  

observed i n  the  January 1966 s e r i e s  of  t r a i l s  w a s  a l s o  p re sen t  i n  the  

J u l y  series.  However, t h i s  e f f e c t  w a s  no t  c l e a r l y  def ined i n  the  l a s t  

two p r o f i l e s  of  the  series and e f f e c t s  due t o  s u n r i s e  a t  t he  observed 

a l t i t u d e  could no t  be p o s i t i v e l y  i d e n t i f i e d .  A d i scuss ion  of  the  

o b j e c t i v e s  of t h i s  series and plans f o r  r epea t ing  it a r e  g iven  i n  Sec t ion  I1 

of  t h i s  r e p o r t .  

The downward motion of t he  e n t i r e  p r o f i l e  which w a s  

During the n i g h t  of 31 January - 1 February 1967 a series of  

s i x  vapor trails  were success fu l ly  e j e c t e d  from Nike Apache rockets  f i r e d  

a t  F t .  Church i l l ,  Canada. The r e s u l t s  from f ive of t hese  w e r e  d i scussed  

i n  the  previous q u a r t e r l y  r e p o r t .  The wind p r o f i l e  from the  o t h e r  t r a i l  

i s  contained i n  Sect ion 111 of t h i s  r e p o r t  i n  which gene ra l  methods of 
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d a t a  a n a l y s i s  a r e  a l s o  discussed.  

Recent d i s c l o s u r e s  by o the r  i n v e s t i g a t o r s  u t i l i z i n g  t h e  vapor 

t r a i l  method have r a i s e d  the  quest ion of accuracy and a p p l i c a t i o n  of the  

method. Sec t ion  I V  of t h i s  r e p o r t  d i scusses  these  ques t ions  and p resen t s  

an a n a l y t i c a l  d e s c r i p t i o n  of the  method of ob ta in ing  winds from a vapor 

t r a i l .  

11. DISCUSSION OF SEQUENTIAL VAPOR TRAILS 

Two s e r i e s  of s equen t i a l  vapor t ra i ls  were conducted a t  Wallops I s l and  

dur ing  1966. Five t r a i l s  were spaced throughout the  n i g h t  of 17-18 January 

1966. Four of t he  t r a i l s  were spaced between evening t w i l i g h t  and midnight,  

a per iod of about 6 hours.  A t  t h e  beginning of the  per iod the  winds formed 

the f a m i l i a r  l a r g e  s p i r a l  p a t t e r n .  By midnight,  the  wind speed had 

decreased g r e a t l y ,  and the  winds formed an i r r e g u l a r  p a t t e r n .  The decrease  

i n  speed d id  not  take p lace  i s o t r o p i c a l l y .  The i n i t i a l  l a r g e  s p i r a l  

f i r s t  co l lapsed  i n t o  a narrow e l l i p s e  i n  which wind components d i r e c t e d  

toward the no r theas t  and southwest were g r e a t l y  diminished, whereas the  

wind components d i r e c t e d  toward the northwest  and sou theas t  remained 

h igh .  Then these  components decreased a s  w e l l ,  leading t o  t h e  small, 

i r r e g u l a r  p a t t e r n .  

The d a t a  from these  observa t ions  allowed the following pre l iminary  

conclusions : 

1. The l a r g e  s p i r a l  p a t t e r n  co l lapsed  t o  a small i r r e g u l a r  one i n  
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s i x  hours ,  suggest ing t h a t  the co l lapse  was poss ib ly  due t o  a semi-diurnal  

t i d a l  o s c i l l a t i o n .  

2 .  The e n t i r e  wind p r o f i l e  appeared t o  move s lowly downward 

throughout the  per iod.  The r a t e  of  downward motion was about 3 meters /sec.  

a t  130 km, and about 1 meter /sec.  a t  110 km. This downward motion probably 

r e p r e s e n t s  a "phase motion," i .e.  the motion of a po in t  of cons tan t  phase 

of the v e l o c i t y  f i e l d .  

i s  expected t o  be the  same a t  a l l  times. On t h e  o t h e r  hand, the  observed 

motion may r ep resen t  an a c t u a l  mass motion, i n  which case  i t  must reverse 

i t s e l f  a t  some time. I f  t h i s  motion i s  assumed t o  be pe r iod ic ,  the  

observed motions can be descr ibed  by the  empir ica l  equat ion  

I n  t h i s  case t h e  d i r e c t i o n  of the  motion (downward) 

w = w ekz cos - 2rc ( t -6)  
0 T 

where w = upward v e l o c i t y  

-3 wo = 5.64 x 10 

k = O.O482/km 

T = 24 hours  

meter/sec 

5 = 9.28 hours.  

me numerical va lues  of t h e  parameters were determined from the  d a t a .  

The va lue  of 5 impl ies  t h a t  the  times a t  which the  motion reverses d i r e c t i o n  
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a r e  3.28 hours and 15.28 hours .  I f  t he  observed motion i s  indeed a mass 

motion, then these  times are cons i s t en t  wi th  the  c a l c u l a t i o n  of  

H a r r i s  and Pr iester .  They found the times of maximum and minimum d e n s i t y  

t o  be a t  4 hours  and 14 hours  r e spec t ive ly .  It must be noted t h a t  t h e i r  

c a l c u l a t i o n  a p p l i e s  t o  the  upper thermosphere and the  exosphere,  whereas the 

repor ted  observa t ions  were from the  lower thermosphere. 

3 .  Much of the  small-scale  s t r u c t u r e  on the  wind p r o f i l e s  

p e r s i s t e d  throughout t he  per iod of observa t ion  and moved downward toge the r  

wi th  the  l a r g e  f e a t u r e s .  

A second series of c l o s e l y  spaced t ra i l s  w a s  observed during the  

n i g h t  of 16-17 Ju ly ,  1966. Four of t he  t r a i l s  were spaced between midnight 

and morning t w i l i g h t .  Aside from the continued observa t ion  of  t he  

temporal v a r i a t i o n  of the winds, t h i s  series had two s p e c i f i c  ob jec t ives .  

The f i r s t  was t o  determine whether the  downward motion of f e a t u r e s  on 

tne  wind p r o f i i e  continued until riicmiiTg ! x i l i g h t .  The secznd was t n  

i n v e s t i g a t e  an  abrupt  change i n  the wind p a t t e r n s  a t  s u n r i s e ,  as repor ted  

from measurements o f  the  motion of ionized meteor t r a i l s .  The v a r i a t i o n  

of t he  wind p a t t e r n  during the  n igh t  was s i m i l a r  t o  t h a t  of 17-18 January i n  

some re spec t s .  The f i r s t  p a t t e r n  o f  t he  series a t  evening t w i l i g h t  had 

some of the  c h a r a c t e r  of the  s p i r a l  p a t t e r n ,  bu t  i t  was n o t  completely 

formed. 

were p r imar i ly  East-West. The North-South component had continued t o  

decrease  up t o  0145 EST. Between t h a t  t i m e  and 0325 EST, the  t i m e  of 

By midnight t he  p a t t e r n  had changed i n t o  one i n  which the  winds 
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t h e  next  observa t ion ,  the North-South component had increased  considerably.  

It can no t  be determined i f  t h e  East-West wind co l lapsed  t o  form a 

small  i r r e g u l a r  pa t te rn  during the  period between 0145 and 0325 EST. A t  

0408, the  p a t t e r n  from the  morning t w i l i g h t  t r a i l  aga in  showed some of 

t he  s p i r a l  cha rac t e r  and was ve ry  s imilar  t o  t h a t  of t h e  evening t w i l i g h t .  

Thus aga in  a l a r g e  p a r t  of a c y c l i c  p a t t e r n  may have been observed during 

t h e  eight-hour  period. The apparent downward motion of the  e n t i r e  wind 

p a t t e r n  was observed during p a r t  of the  per iod b u t  w a s  no t  uniquely 

determined during the  l a s t  two measurements due t o  ambigui t ies  i n  the  

de te rmina t ion  of corresponding f ea tu res  on the  success ive  p r o f i l e s .  This 

is unfo r tuna te  s i n c e  a cont inua t ion  of t he  downward motion would s t r o n g l y  

suggest  t h a t  the  observa t ion  concerned the  phase v e l o c i t y  of a s lowly 

propagat ing wave. A r e v e r s a l  of the d i r e c t i o n  of t he  v e r t i c a l  motion 

might i n d i c a t e  a mass motion produced by a cool ing and hea t ing  process .  

A similar u n c e r t a i n t y  is at tached t o  the  t w i l i g h t  e f f e c t  which w a s  

suggested by t h e  meteor d a t a .  There is  a r e l a t i v e l y  l a r g e  change i n  the  

wind p a t t e r n  between the  0325 and 0408 p r o f i l e s :  The h e i g h t  i n t e r v a l  

measured a t  0325 was i n  complete darkness a t  t h a t  t i m e .  This  same reg ion  

w a s  completely i l lumina ted  a t  0408. Thus some of t he  change dur ing  t h a t  

per iod  could be a t t r i b u t e d  t o  an e f f e c t  a s soc ia t ed  wi th  s u n r i s e .  However, 

a normal c y c l i c  e f f e c t  w a s  a l s o  apparent ly  i n  p rogres s ,  i.e. t he  formation 

of a l a r g e  s p i r a l  pa t te rn .  The change could a l s o  be a s s o c i a t e d  with 

t h i s  e f f e c t .  It is  of i n t e r e s t  t o  compare the  energy a s s o c i a t e d  wi th  t h e  

winds during t h i s  per iod.  (1/2 pV2) P l o t s  of t h e  k i n e t i c  energy d e n s i t y  
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as a func t ion  of he igh t  a r e  g iven  in  F igures  1-2. It i s  seen  t h a t  i n  

a l l  except  t he  f i r s t  p r o f i l e  (14:292, obtained a t  midnight) t he  

g r e a t e s t  wind energy i s  below 100 km and inc reases  r a p i d l y  a f t e r  midnight.  

The inc rease  i n  t o t a l  energy does not seem t o  be g r e a t e r  during the  

t w i l i g h t  per iod.  There seems t o  be an upward motion of t he  f e a t u r e s  i n  

the  energy p r o f i l e s  during t h e  t w i l i g h t  per iod,  bu t  the  ques t ion  of a n  

ab rup t  t w i l i g h t  e f f e c t  i s  not  answered. 

Since both of the  s p e c i a l  ob jec t ives  of  the  series were no t  c l e a r l y  

decided,  i t  is recommended t h a t  the series be repea ted .  The ob jec t ives  

would be t h e  same a s  prev ious ly  ou t l ined ,  i .e.  t o  s tudy  the  tenpora l  

changes i n  the  h i g h - a l t i t u d e  winds, and s p e c i f i c a l l y  t o  i n v e s t i g a t e  t h e  

apparent  v e r t i c a l  d r i f t  of t h e  p r o f i l e  t o  determine i f  such motion is due 

t o  the  phase v e l o c i t y  of a t r ave l ing  wave, o r  whether i t  i s  a s soc ia t ed  wi th  

a c t u a l  mass motion (probably due t o  l o c a l  cool ing  and hea t ing ) .  Also, 

the  e f f e c t  of s u n r i s e  on the wind p r o f i l e  w i l l  be observed t o  determine i f  

an unusual ly  l a r g e  energy input  i s  introduced a t  t h i s  t i m e .  

S p e c i f i c a l l y  i t  i s  proposed t h a t  a vapor t r a i l  t o  measure the  winds 

i n  the  reg ion  90 t o  135 km be e j ec t ed  by rocke t  a t  t h e  following times: 

evening t w i l i g h t ,  midnight,  approximately 80 minutes before  s u n r i s e  a t  

100 km, approximately 40 minutes before  s u n r i s e  a t  100 km, and dur ing  

morning t w i l i g h t ,  when the  100 km reg ion  i s  f u l l y  i l lumina ted .  This  

schedule  w i l l  a l low the  determinat ion of t he  long-period changes i n  the  

p a t t e r n  throughout the  n igh t ,  and a l s o  a l low a d e t a i l e d  observa t ion  of 

t h e  changes occurr ing j u s t  p r i o r  t o  and during s u n r i s e .  

8 



N cn 

P 
N 
a, 
N 

0 
- 

0 
rc) 

0 cn 

- 
I 
0 - 

(u 
I 
0 - 

lo 
I 
0 - 

* 
0 
I 

- 

n 
' 0  

0 -  
0 

9 



I I I I I I 

Q 

VI 
? 

0 0 
0 - 

0 
Q, 

0 
a0 



Much of the  e f f o r t  during the r epor t ing  per iod was d i r e c t e d  

toward cons t ruc t ion  of two a k a l i  vapor and four  1MA payloads and p repa ra t ion  

of photographic equipment. Camera si tes w i l l  be a c t i v a t e d  a t  the  usua l  

l o c a t i o n s ,  Dover A.F.B., Andrews A.F.B., Camp A. P. H i l l ,  and Dam Neck 

Naval Training S ta t ion .  Each s i t e  w i l l  have the  following equipment, 

(1) s tandard  70 mm cameras, (2) f a s t  f /1.5 70 mm cameras f o r  dim n i g h t  

t ra i l s ,  and (3) K-24 cameras with 20 i n .  l e n s e s  f o r  recording small 

s t r u c t u r e  . 
Due t o  an unusual weather condi t ion  which caused continuous 

c loudiness  over  the Eas t e rn  Seaboard, t he  f i r i n g s  d id  n o t  take  p lace  

u n t i l  8 August during the  f i n a l  p repara t ion  of t h i s  r e p o r t .  All f l i g h t s  

were success fu l  and w i l l  be  repor ted  i n  d e t a i l  i n  the  next  r e p o r t .  

111. WIND DATA AND ANALYSIS 

The wind d a t a  from a l l  bu t  one of  t he  t r a i l s  i n  F t .  Churchi l l  

dur ing January 1867 were iiicliided I n  the l a s t  repzrt. The dsta frm 

the  remaining t r a i l  (NASA 14.310) i s  g iven  i n  F igure  3. The gene ra l  

f e a t u r e s  of the o t h e r  f i v e  wind p r o f i l e s  were d iscussed  i n  the  l a s t  

r e p o r t .  NASA 14.310, the  f i r s t  rocket  of t h e  series,  was f i r e d  a t  

1720 CST, almost 2 hours  be fo re  t h e  second f i r i n g .  Thus the  series 

covered the  per iod 1720 CST 31 January t o  0524 CST, 1 February, a t o t a l  

of 10 hours .  Throughout t he  per iod the  gene ra l  p a t t e r n  changes s lowly  

sugges t ing  a h a l f  per iod of  t h e  order  of  6 hours .  

of the  wind d a t a  i s  being done in  two ways: (1) Deta i led  Analysis  of 

More d e t a i l e d  a n a l y s i s  
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of Time Series, and (2) Statistical Analysis. 

(1) Detailed Analysis of Time Series 

A time series provides a set of measurements closely spaced 

in time. Such measurements make possible the quantitative evaluation 

of the temporal rate of change of the wind velocity. That part of the 

temporal change due to the Coriolis force can be calculated and 

subtracted from the observed change. The residual change of velocity 

must then be accounted for by the pressure gradients and by the non- 

linear terms in the equations of motion. The largest of the non- 

linear terms is the product of the vertical wind, w, and the vertical 

derivative of the wind velocity, a?/&. The vertical derivative can 

be calculated from the data, but the vertical wind w is too small to 

be measurable. Nevertheless, it is useful to compare the profiles of 

the time derivative and the vertical derivative of the wind velocity. 

A close similarity between these two profiles would confirm the essential 

non-linearity of the wind system at these heights. 

Distinguishable features of the wind profile that are identifiable 

in consecutive measurements of a time series are used to provide a semi- 

quantitative evaluation of the vertical drift of these features. 

Most probably, this vertical drift represents a phase motion, but 

the possibility that it represents a mass motion cannot be excluded at 

this time . 
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(2)  S t a t i s t i c a l  Analysis 

A computer program has  been w r i t t e n  t o  eva lua te ,  t a b u l a t e  

and average va r ious  q u a n t i t i e s  o f  i n t e r e s t .  

of t h e  wind v e l o c i t y ,  which is  propor t iona l  t o  the  k i n e t i c  energy; t he  

squa re  of the  v e r t i c a l  d e r i v a t i v e  of the wind v e l o c i t y ,  which i s  p ropor t iona l  

t o  t h e  ra te  of d i s s i p a t i o n  of k i n e t i c  energy; t he  second v e r t i c a l  d e r i v a t i v e  

of t h e  wind v e l o c i t y ,  and the  curva ture  a t  each po in t  of a wind hodograph. 

One o r  t he  o the r  of t he  l a s t  two q u a n t i t i e s  i s  r e l a t e d  q u a n t i t a t i v e l y  t o  

the  presence of "corners" i n  t h e  wind hodograph. 

Among t hese  a r e  t h e  square 

It is u s e f u l  t o  r ep resen t  winds as func t ions  no t  of t h e  

rea l  he igh t  z ,  b u t  of t he  "normalized he ight"  5 ,  def ined  by t h e  equat ion  

z o  

where H i s  the  s c a l e  he igh t .  One can then  i n f e r  v e r t i c a l  wavelengths from 

the  c o r r e l a t i o n  func t ion  

L' 

c1 (h) = 

It is  a l s o  poss ib l e  t o  i n f e r  v e r t i c a l  d r i f t  v e l o c i t i e s  i n  a t i m e  

series from t h e  c o r r e l a t i o n  func t ion  

14 



Unfor tuna te ly  t h e  s c a l e  h e i g h t  is  not a known quan t i ty .  

l a t i t u d e ,  l o c a l  t i m e ,  and wi th  t h e  s o l a r  cyc le ,  and these  v a r i a t i o n s  are 

n o t  a t  present  known. 

from a s tandard  atmosphere runs  the r i s k  of in t roducing  spur ious  e f f e c t s .  

Never the less ,  the  c a l c u l a t i o n  w i l l  be made on the  b a s i s  of t he  e x i s t i n g  

informat ion ,  and rev ised  as new information i s  made a v a i l a b l e .  

It varies wi th  

Thus t h e  use of "normalized he igh t s "  determined 

Tv. ACCURACY OF THE VAPOR TRAIL METHOD 

During May, Dr.  E .  Constant inides  and J. F. Bedinger a t tended  

the  A.M.S. Symposium on t h e  upper atmosphere i n  M i a m i  and p a r t i c i p a t e d  i n  

panel  d i scuss ions .  Although i t  was n o t  included i n  t h e  agenda, t h e  

accuracy of t he  vapor t r a i l  method became an important  i s s u e  when r e p o r t s  

of observa t ions  of v e r t i c a l  winds and tu rbu len t  s t r u c t u r e  were d iscussed .  

It w a s  pointed out  t h a t  u s u a l l y  vapor t r a i l s  had s m a l l  i r r e g u l a r  s t r u c t u r e  

and sha rp  f e a t u r e s ,  ( shea r s ,  corners)  which could be p o s i t i v e l y  i d e n t i f i e d  

f o r  extended t i m e s  and thus  upper l i m i t s  t o  v e r t i c a l  v e l o c i t i e s  and 

i r r e g u l a r  motions could be determined. 

i n v e s t i g a t o r s  using the  vapor  t r a i l  method t h a t  a p o i n t  on the  t r a i l  

around 100 k m  can be determined t o  w i t h i n  0.1 km. The equ iva len t  

v e l o c i t y  e r r o r ,  AV , t h a t  r e s u l t s  from t h i s  u n c e r t a i n t y  i n  p o s i t i o n  

de te rmina t ion  a t  two t i m e s  separated by A t , i s  

It i s  u s u a l l y  admit ted by most 

r 

AV = 2 x ~OO/AT, meters/sec.  

15 



. 

Usual ly  observat ions may be made f o r  s e v e r a l  minutes, and 

assuming A t  = 200 sec. ,  AV 

l i m i t  which was placed on the  v e r t i c a l  v e l o c i t i e s  a t  100 km by J. Bedinger 

a t  t h e  A.M.S. meeting. It i s  obvious t h a t  i f  A t  i s  smal le r ,  s ay  20 sec. ,  

the  AV i s  p ropor t iona te ly  l a r g e r ,  10 m/sec. Lower l i m i t s  f o r  AV 

f o r  s h o r t  observat ion times may usua l ly  be obtained by a comparison of 

the  r e l a t i v e  pos i t i ons  of s eve ra l  i d e n t i f i a b l e  po in t s  on the  success ive  

photographs from the same observing sites. 

is  l e s s  than 1 m/sec. This  i s  the  upper 
€ 

C F: 

In  order  t o  a s s i s t  i n  eva lua t ion  by those people n o t  a c t i v e l y  involved 

i n  vapor t r a i l  measurements an a n a l y t i c a l  d e s c r i p t i o n  of t he  method was 

prepared and included a s  an appendix t o  a paper being submitted f o r  

pub l i ca t ion  i n  J.G.R.. This  desc r ip t ion  is included i n  an appendix t o  

t h i s  r e p o r t  f o r  t he  same reason. 
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V. PLANS FOR THE NEXT REPORT PERIOD 

Processing and reduction of data from the August series 

of vapor t r a i l s  a t  Wallops Island w i l l  begin during the next quarter. 

Analysis of wind data as  discussed i n  Section I11 of t h i s  report 

w i l l  continue. 

17 



. 
APPENDIX. W I N D  MEASUREMENTS BY THE 

E'HOTUGRAPHIC -$fEliTHOD. 

Let - -  V(s,t) denote the v e l o c i t y  of a p a r t i c u l a r  f l u i d  element i n  a 

vapor c r a i l .  The components o f  5 a r e  Lagrangian coord ina te s ,  t he  f l u i d  

element being i d e n t i f i e d  by i t s  pos i t i on  5 a t  t i m e  t = O  when i t  l i e s  on 
0 

the rocket  t r a j e c t o r y .  Thus each element of the t r a i l  has  i t s  own time 

s c a l e .  

For t h z  time i n t e r v a l s  and h o r i z o n t a l  displacements  contemplated i n  

the fallowing d i scuss ion  we may, in  a f i r s t  approximation, neg lec t  both 

the  e x p l i c i t  time dependence of 1 and i t s  dependence on the  h o r i z o n t a l  

coord ina tes  x ,  y ,  and w r i t e  J! = V'z ( t ) ]  . 
- c  

The displacement of an element is given  by 

n t  

For suffisientlv small  v e r t i c a l  displacements ,  w e  may neg lec t  

18 



whence i t  fallows t h a t  

The l e i r :  s i d e  of ( A . 4 )  r ep resen t s  t he  h o r i z o n t a l  displacement 

of an e l e x e n c  o f  the t r a i l .  Since the t r a i l  i s  cont inuous,  however, 

indiviGuai  elements cannot i n  genera l  be i d e n t i f i e d ,  so  t h a t  the 

displacement  given by ( A . 4 )  i s  not  d i r e c t l y  measurable,  What can be 

measured i s  the displacement D(h , t )  a t  a g iven  h e i g h t  h. r ep resen t s  

t he  p o s i t i o n  v e c t o r  of a po in t  on the t r a i l  drawn from a po in t  a t  the 

same h e i g h t  on the rocke t  t r a j e c t o r y .  From the  f a c t  t h a t  t he  Eu le r i an  

displacement  2,  the  Lagrangian displacement (If(h)-s(ho)),  and a s e c t i o n  

of the rocke t  t r a j e c t o r y  between the h e i g h t s  z and z ( t )  = h form a 0 

~ r i a = l e ,  i t  follows t h a t  

17 ( h , t )  = (5 - ) -  t Vz C O ~ &  - %o (-4.5) 

,;here _I is tr,e cievation ar i i t :  oi t h e  rocke t  t r a j c c r s r y  a t  1-111. he igh t  

i n  c , u C ~ s t i L ~ l i  dx:d 5 LS J 5orizontaL u n i t  v e c t o r  l y i n g  i n  the  v e r t i c a l  plane 

cnroclgh t h e  r a c k e t  t r a j e c t o r y .  horn equat ions  ( A , 4 )  ana (A .5 )  w e  have 
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The apparent  h o r i z o n t a l  v e l o c i t y  may be def ined  as  the  d i sp lace -  

ment 2 divided by the elapsed time t .  It is  g iven  by 

reduces ts t h e  t r u e  ho r i zon ta l  v e l o c i t y  V when V = 0 .  -n -h Z 

meas The measured displacement 2 may d i f f e r  s i g n i f i c a n t l y  from 
meas 

the  a c t u a l  displacement 2. Now, i f  t is g iven ,  the func t ions  D (h)  

and - D (h)  desc r ibe  two curves i n  space.  In g e n e r a l ,  the  two curves may 

be connected by an i n f i n i t y  of coordinate  t ransformat ions ,  each 

desc r ib ing  a d i s t i n c t  mapping of one curve onto the o t h e r .  Symbolical ly ,  

i f  we w r i t e  

- Dmeas = - D(h + r,) + & . 

t h e r e  a r e  i n  genera l  i c t i n i t e l y  many ways of choosing the func t ions  

i n  r l ~ ; r t  L C U  L J ~  cssds ,  however, the ambiguicy can be resoivcd. 

meas €or  exam;)!c, s ; i :~pose t h a t  the curve D(h) has  a cusp.  i f  the curve 2 

!iaS 3 Cdri-es' '*- p.,,iui,ig f e a t u r e ,  then f o r  ch i s  f e a t u r e  the va lues  of 

, and - . (5) WilL have s p e c i f i e d  values a t  two h e i g h t s ,  and cons ide ra t ions  of 

c o n t i n u i t y  serve i n  p r a c t i c e  t o  r e s t r i c t  t he  va lues  they can assume 

bet i<d?n  these h e i g h t s .  
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A d e t a i l e d  c o n s i d e r a t i o n  of the e r r o r s  of measurement inay also 

s e r v e  to r e s t r i c t  t h e  func t ions  r,(h) and 2 ( h ) .  

geoinetr ical  conf igura t ion  of t h e  observing s i tes  and t h e  t r a i l  may 

permit h o r i z o n t a l  Coordinates t o  be measured with g r e a t e r  accuracy 

than h e i g h t s  . 

For example, t h e  

On expanding t h e  r i g h t  s i d e  of ( A . 8 )  t o  f i r s t  o r d e r ,  w e  o b t a i n ,  

w i t h  the  h e l p  of(A.6) 

( A . 9 )  
dV 

dz 
- Dmeas = - D + q t f i  + ,D 

which shows t h a t  h e i g h t  e r r o r s  a f f e c t  t h e  measured displacement  

d i f f e r e n t l y  from e r r o r s  i n  the  assignment of h o r i z o n t a l  coord ina tes .  

The measured h o r i z o n t a l  v e l o c i t y  is  g iven  by 

I n s e r t i n g  (A.7) and ( A . 9 )  i n t o  t h i s  formula, we o b t a i n  

o r  

(A. 10) 

(A . l l a )  

(A.llb) 
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- ' * It i s  convenient t o  in t roduce  the quan t i ty  

u = v 
- - h  2 

- v co ta  k. 

To f i r s t  o rde r  w e  may then w r i t e  equat ion (A.l lb)  i n  the form 

peas = - u + (7  - # t V Z )  + t-l - A 
dz -h 

= - U(h + 7 - f tVz) + t- l  - a 

i f  - .l is s u f f i c i e n t l y  small o r  i f  t is s u f f i c i e n t l y  l a r g e ,  t h e  

l a s t  term on the r i g h t  s i d e  o f  equat ion (A.13b) may be neglec ted ,  

and the  r e s u l t i n g  equat ion  can then be w r i t t e n  i n  t h e  form 

where 

Ah = -7 + . f i tVz .  

( A .  12) 

(A. 13a) 

(A. 13b) 

(A .  14) 

(A. 15) 

Equat ion ( A . 1 4 )  i s  convenient f o r  the a n a l y s i s  of  obse rva t ions .  

Z iven  a s e t  ,,i I; measured p r o f i l e s  $ 
we can a t  e!vcry he igh t  eva lua te  n-1 l i n e a r l y  independent ConiDinations 

o f  t; te n i n c r e m n t s  .Ih. I f  the  number of p r o f i l e s  is no t  too small, 

it rnb!.' b e  a good approximation t o  assume t h a t  the average value o f  A i  

vanish.e5 it a l l  h e I g h t s ;  i n  t h i s  way we a r r i v e  a t  an approximation t o  

eas  
(h, t i ) ,  i = 1, 2 , . . . ,  n ,  
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t he  func t ion  '_T(h). I f ,  nowl i t  is poss ib l e  t o  s e p a r a t e  the  two 

terms pn the r i g h t  s i d e  of  equat ion (A.15) by examining the  way i n  

which 3 v a r i e s  with time a t  a given l e v e l ,  we can ob ta in  V as a 

func t ion  of h e i g h t ,  and then, from equat ion  (A,12), Ih. This  method 

has beer? used s u c c e s s f u l l y  t o  measure v e r t i c a l  winds i n  a few cases .  

z 
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